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This article deals with the actual issues of ensuring the dynamic strength of 
rocketry components using pyrotechnics. It studies the shock interaction of 
rocket fairing pyrotechnic separation system components during the second 
phase of the system operation at so-called capturing. The contacting of the 
system components occurs through a viscoelastic damper. The damper is 
installed between a movable part and a fixed one to 'attenuate' impact due to 
plastic deformation. The damper acts as a one-way connector − it limits 
compression and does not prevent separation. The whole structure is as-
sumed to be elastic, and plastic deformation is concentrated in the damper. 
The mechanical model is represented as a combination of elastic elements 
and a nonlinear damper. The technique of taking into account the nonlinear-
ity of a damper is based on the introduction of variable boundary forces on 
the damper ends. In the case of plastic compressive deformations, boundary 
forces increase the deformation, restrained by elastic forces, and when the 
contact disrupts (separation), they completely compensate the stresses in the 
damper model, nullifying them. A three-dimensional computational model of 
the fairing assembly composite design is constructed. The damper is pre-
sented in the form of a continuous thin ring. The finite element method is 
used. The calculation of the structural dynamics with respect to time is car-
ried out by the Wilson finite-difference method. Verification of the technique 
on the test problem with the known wave solution is carried out. Calculation 
studies of the dynamic stress state at different impact speeds for damper 
variants with different plastic stiffness are performed: steel elastic (damper 
without holes, 'rigid', for comparison); initial (damper with holes, plastic, 
soft) and rational (damper with a selected characteristic of rigidity). It is 
shown that the initial damper is inefficient due to insufficient rigidity. The 
characteristics of plastic stiffness are determined, under which dynamic 
stresses are significantly reduced in relation to the initial structure. The 
maximum dynamic stresses in the pyrotechnic separation system of the fair-
ing with rational dampers strongly depend on the impact speed. At signifi-
cant speeds, they exceed the plasticity limit. A more precise formulation of 
the 'catch-up' task should be carried out taking into account the plasticity in 
the entire structure. 
Keywords: fairing, separation system, impact, stress, contact, damper, 
plasticity. 
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Introduction 
Fairing separation is a complex and responsible part of a rocket flight mission, performed by a separation 
system (SS). In rocket production, various SS designs are used [1, 2], but the most widespread systems are of py-
romechanical and detonation types. The use of pyrotechnic devices in SSes causes the emergence of intense loads 
of a shock-pulse character, which increases the actuality of ensuring dynamic strength. The fairing is not used af-
ter separation, so during the process of separation, irreversible processes in the propulsion elements, associated 
with plastic deformation or microfracture, can be allowed. At that, the main task is to preserve the functionality of 
the fairing separation system. Prediction of SS strength without restriction on deformation in the elastic region 
also contributes to the improvement of mass indices and allows using damping devices with plastic elements.  
In calculating the strength of fairings, quasistatic state models are mainly used without taking into 
account the dynamics of separation processes [3, 4]. The dynamic processes in the elastic deformation region 
during separation are investigated in [5–7] for fairings and in [8, 9] for spacecraft and launch vehicles (LV). 
Studies in the field of structural dynamics during fairing separation, taking into account physical nonlinear-
ity, are presented insignificantly. 
Fairing separation system structure and its functioning. Strength issues and problem formulation  
The subject of the study is the mechanical processes taking place during the operation of a ready-
assembled fairing pyrotechnic separation system (FPSS) shown in figure 1.  
 
Fig. 1. FPSS general scheme 
The separation system consists of two large components that make up a 
movable part (MP) and a fixed part (FP). The FP includes a support and a con-
nected rod (piston), which are supported by an instrument compartment casing 
(ICC) and pyrobolted to it in transport position. The movable part includes a cyl-
inder and a connected fairing body. The rod and cylinder form a movable pair and 
can move relative to each other, the closed space that they form, changing its vol-
ume. Inside the rod-cylinder pair volume, pyrotechnics (powder) is placed, which, 
during combustion, creates pressure, under which the cylinder, and with it the en-
tire movable part, move rapidly relative to the fixed part, increasing the speed and 
accumulating kinetic energy. The FPSS pyrotechnics includes pyrobolts and pow-
der, which are triggered in a certain sequence. First, the pyrobolts are triggered and 
the power connection between the support (FP) and ICC is eliminated, and then 
the powder is ignited and MP is set in motion. Several phases can be identified in 
FPSS operation, the first of which is the displacement of the cylinder from the ini-
tial position to the final one. In the final position, free relative displacement is im-
possible, and a power contact occurs between the rod and cylinder, which deter-
mines the second phase of FPSS operation, the so-called 'catch-up'. The 'catch-up' 
results in equalizing MP and FP speeds, i.e. combining them into a single struc-
ture, and the possibility to separate from the rocket owing to the additional speed 
relative to it. The third phase of FPSS operation begins at the moment of 'catch-
up', when a side nozzle opens and a reactive jet of leaking powder gases arises, 
resulting in the fairing lateral drift-away from the rocket trajectory.  
To partially solve the problem, it is supposed to use additional collision-softening elements in the 
form of dampers, whose purpose is to prolong the process of speed equalization and, consequently, reduce 
the dynamic strength of the structures. At that, a complex behavior of the structures interacting through the 
damper is possible, which manifests itself as contacting, or its interrupting, i.e. rebound. At considerable col-
lision speeds, plastic deformations can develop in the structures, which considerably impedes the solution to 
the problem. To simplify it, the structures are assumed to be elastic when colliding, allowing the possibility 
of the damper being plastically deformed and the structures being separated.  
In this case, there arises the problem of choosing the damper characteristics for plastic deformation, 
determined by its design factors and the material used, under which the dynamic stresses during the whole 
process of shock interaction are minimal. It should be noted that the loss of kinetic energy (speed after sepa-
ration) due to the irreversible work of the damper plastic deformation should also be minimal.  
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Research technique and FPSS design model  
The technique is based on the application of the finite element method (FEM) in a three-dimensional 
setting, where a volumetric multilinear finite element with a topologically regular discretization system is 
used. When modeling the material of the structural elements, continuous heterogeneity or piecewise homo-
geneity and the presence of curvilinear anisotropy are allowed, which makes it possible to compute complex 
and composite structures.  
The application of the FEM procedure based on the use of the Lagrange-d'Alembert kinetostatic varia-
tional principle leads to a mathematical model represented by a system of ordinary differential equations [10] 
 [ ] [ ] [ ] eFuuu =++ KDM &&& ,  (1) 
where u is the displacement vector of the finite element (FE) grid nodes; Fe is the vector of a given load 
varying in time; [M], [D], [K] are the mass, damping and  strength matrices, respectively.  
It is to be noted that in dynamical problems with impulse action, where the process is studied during a rela-
tively short time interval, the damping effect is insignificant. In addition, the damping values are either generally un-
known or determined with little accuracy. Therefore, the damping effect in this work is not taken into account ([D]=0). 
The solution to the matrix equation (1.1) is implemented using the implicit Wilson finite-difference 
scheme [11], which is absolutely stable, of the second order of accuracy. According to this scheme, the accelera-
tion at the time step ∆t is a linear function, and the equations (1) are written for the point of time t+θ∆t (θ=1.4). 
There is no restriction on the choice of the step ∆t which is determined mainly by the requirement to the accuracy 
and efficiency of calculations. The finite-difference analogue of the equation (1) can be written in the form 
 tttt Ru ∆θ+∆θ+ = ˆˆ ]K[ ,  (2) 
where ]ˆ[K is the modified strength matrix; ttR ∆θ+ˆ  is the modified right-hand side (vector of external forces); 
ut+θ∆t  – is the displacement vector for the point of time t+θ∆t. 
The displacements ttu ∆+ , velocities ttu ∆+& , and accelerations ttu ∆+&&  at the 
end of the step (the point of time t+∆t) are determined using the finite-difference 
formulas including the values of the previous step kinematic parameters ttt uuu &&& ,,  
and the displacement values ut+θ∆t [11]. 
Problem statement with regard to studying the dynamics of FPSS compo-
nents during 'catch-up' has a specificity that is related to the absence of fixations. At 
that, oscillation processes are excited in the constructions, accompanied by the for-
mer displacement in space as a solid body. Of special importance is also the formula-
tion of the 'catch-up' problem, where the structure colliding components are consid-
ered as a whole, but they have different initial speeds, i.e. the right-hand side in the 
equation (1) is zero, and the perturbation of the system is formed by specifying dis-
continuous initial conditions.  
The computational model of the colliding FPSS components during the 
'catch-up' is shown in figures 2, 3, where the fixed component (the support and 
rod) and the movable component (the cylinder and fairing body) moving at a 
speed V0,, contact through the damper, whose location is shown in more detail in 
figure 3, a. The damper is presented as a solid cylindrical ring with the geometri-
cal parameters of the initial damper construction (height L=10 mm, thickness 
h=3 mm), whose characteristic at compression is determined by the stiffness dia-
gram N(λ), where λ )()( BuAu yy −=  is the relative displacement of the damper 
ends (shortening under compression); N is the current axial thrust  transmitted 
through the damper. The characteristic values of the relative motion of λ are the 
initial plastic displacement λp, at which the damper plastic deformation begins, 
and the limiting plastic displacement λlim (λ<λlim), at which plastic deformation is 
impossible. The change in the force N(λ) during plastic deformation is a charac-
teristic of the damper construction plastic stiffness at a given value of λ and it is 
determined by the instantaneous yield strength of the damper material and its  
 
Fig. 2. Fairing separation 
system complex structure  
model at 'catch-up' 
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Fig. 3. Damper location: 
a – model; b – the data read-out points 
 
Fig. 4. Diagram of introducing 
boundary forces on damper ends 
geometric parameters – height and cross-sectional area. For a material 
with hardening, the dependence N(λ) is variable, and for an ideal elastic-
plastic material the force N reaches the limiting value Np, i.e. the load-
bearing capacity of the structure in the plastic state, and remains so when 
deformed. The power contact of the damper with the support and rod, 
and, accordingly, the transfer of forces are carried out on the ends, i.e. 
there is a gap between the cylindrical surfaces of these parts. The damper 
only works in compression and carries out one-waycommunication, al-
lowing the separation of the parts contacting through it. ICC is not in-
cluded in the design model, since there is practically no power connec-
tion between the support and ICC after the destruction of the pyrobolts. 
The fairing body in the model is considered as a solid one of the same 
mass. Fig. 2 also shows the location of the points for which the results of 
the calculations of displacements, velocities, and stresses are presented. 
The damper plastic stiffness diagram N(λ) in the computational 
studies of  FPSS dynamics allows for variation. This corresponds to the 
damper design modification, which, in principle, can be considered as a 
complex system consisting of a series of elements with their own proper-
ties, whose combination can affect the diagram N(λ).  
For example, for a damper of the initial structure in the form of a 
short cylindrical shell with a large number of radial holes, the plastic de-
formation diagram N(λ) has been obtained approximately. Simplified 
models of damper drafting were used – kinematic ones, taking into ac-
count the flattening of the holes and the model of plastic hinges. A much 
more accurate and coherent determination of the diagram N(λ) is con-
nected with the solution to an elastic-plastic problem with large deforma-
tions, taking into account the contacting of hole boundaries, which is 
practically impossible because of the difficulties in realization. The dia-
gram N(λ) can also be obtained experimentally. The calculation results of 
the N(λ) diagram points for the initial damper are as follows: relative dis-
placements λi: λ0=0, λ1=0,015 mm, λ2=3 mm, λ3=6 mm, λ4=λlim=8 mm; 
loads Ni: N0=0, N1=30 kN, N2=60 kN, N3=103 kN, N4=316 kN.  
To evaluate the collisional damping effectiveness of FPSS compo-
nents during 'catch-up', a justification is necessary with the help of computa-
tional simulation. In calculating the dynamics of contact shock interaction, 
the approach is used, according to which all the FPSS composite design 
components are considered to be elastically deformable, and in order to take 
into account the nonlinear behavior of the damper, associated with plastic 
deformation or breaking the contact, the method of introducing boundary 
variable forces is applied, whose arrangement is shown in figure 4. 
The boundary forces P refer to external forces, are recalculated at 
each step of integration over time, and are included into the expression 
ttR ∆+θˆ of the right-hand side of (2). Their purpose is to compensate for the 
elastic forces that are developing in the damper model that is part of the 
design as an elastic element. At plastic compressive deformations, the 
forces P must increase the deformation, restrained by elastic forces, and in 
the case of contact failure, i.e. the elements separating from each other, the 
boundary forces must completely compensate for the stresses in the 
damper model by zeroing them. The scheme for determining the boundary 
forces for different damper states − active plastic deformation, unloading or 
separation − is shown in figure 5.  
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The state of a damper as a one-
dimensional element with nonlinear behavior is 
determined by the relative motion of its ends. At 
that, various mechanical states are possible: ac-
tive plastic deformation, unloading that takes 
place according to the elastic law, and separa-
tion of contact elements from each other. An 
evaluation of the damper state is performed at 
each time step, respectively, according to which 
the boundary forces P are calculated.  
In the case of elastoplastic deforma-
tion, both elastic λe and plastic λp components 
can be distinguished from the total relative 
displacement λ in figure 5 
pe λ+λ=λ . 
 
Fig. 5. Scheme for determining the boundary forces P at damper 
plastic deformation, elastic unloading, and separation  
The plastic component λp can be considered as an additional component and taken into account in 
the law of elasticity by the method of additional deformations [12]. Its definition  is performed by iterations, 
when the elastic problem is being solved, and reduces to the introduction of additional volume forces, which 
are brought to the nodes of the finite elements on the damper ends [13], i.e. to the boundary forces P. The 
boundary forces P are proportional to the plastic component λp  
1−λ= LEP p . 
Given that ep λ−λ=λ , and λe is a known function of the current value of the relative displacement 
)(λλ=λ ee , we get 
 [ ])( 1 λλ−λ= − eLEP .  (3) 
At the step of integration with respect to time, the displacements are determined, taking into account 
the boundary forces, by the relation  
 Pα+λ=λ 0 ,  (4) 
where λ0 is the displacement determined from (2), without taking into account the boundary forces; α is the 
displacement at a step from the momentum of unitary boundary forces.  
The equations (3), (4) constitute a system relative to λ, P. Excluding P, we obtain a nonlinear equa-
tion for λ, whose solution is performed by iterations  
 1
1
0
1
)(
−
−
α−
λλα+λ
=λ
EL
EL e
  (5) 
The denominator in (5) is different from zero, since the term 11 <α −EL  is the compliance ratio from 
the action of the boundary forces at both the dynamic (α) and static (E-1L) loads. It is obvious that under dy-
namic loading, when the system inertia exerts influence, the compliance is lower.  
The state of active plastic deformation takes place when the inequality is satisfied (without taking 
into account the displacement sign)  
 01 >λ−λ=λ∆ + ipipp , (6) 
where ipλ , 1+λip  are the plastic components of the displacement at steps i, i+1, respectively.  
The state of the damper is characterized by the position of the point on the plane λ, N. For the active 
plastic deformation, the point lies on the curve N(λ) (Fig. 5), and the boundary forces in this case are deter-
mined from the relation 
[ ]
1
1
0
1
)(
−
−
α−
λλ−λ
=
EL
ELP e . 
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If the inequality (6) is not satisfied, then the state of elastic unloading is fixed, at which the plastic com-
ponent is considered to be fixed and equal to the reached maximum value, and, accordingly, the boundary forces 
are also fixed  
[ ])( maxmax1 λλ−λ= − eELP , 
where λmax is the achieved maximum value of the relative displacement (point B, Fig. 5).  
The unloading occurs under the condition ostλ>λ  (Fig. 5), where )( maxmax λλ−λ=λ eost , and when 
it is violated, the state is defined as a separation, in which there is no force interaction of the elements 
through the damper. The magnitude of the boundary forces necessary for simulating this state is determined 
from the condition 0=λe , which leads to the relation 
1
1
0
1 −
−
α−
λ
=
EL
ELP .  
In the state of separation at negative λ, the boundary forces P <0 (the damper compression, CO sec-
tion in figure 5, and at positive λ – P>0 (the damper extension, OD segment in figure 5.  
The proposed technique has been tested, in particular for the impact contact of solids through an elas-
tic-plastic element, the results of which are confirmed both qualitatively and quantitatively. Certain require-
ments are imposed on the accuracy of determining the unitary boundary forces, which are made to the strictness 
of correspondence to a given magnitude and equilibrium. At contact deformation, this has no significant value, 
but in the case of contact absence, at free movement, it does exert influence, introducing errors.  
Evaluation of the technique accuracy from the example of a longitudinal impact 
Calculations of shock processes have specificity, which manifests itself in the appearance of deforma-
tion waves, their interaction both with the boundary and with each other. To evaluate the possibility of repro-
ducing wave processes, the techniques used need to be verified on problems with exact or known solutions. 
Here, we consider a solution to the problem with regard to the rod end longitudinal impact by a moving load. 
 
Fig. 6. Model of a moving load impact on the rod 
The computational model of the problem with regard 
to the rod being impacted by a load of mass M moving with a 
speed V0 is shown in figure 6, where the simulated rod is 
shown with the following parameters: length l=80 cm, mate-
rial density ρ=8 g/cm3, cross-section 2×2 cm, E=200 GPa, 
ν=0.3 at the mass ratio of the load and rod α=lρ/M=0.5. In the 
three-dimensional finite element model, discretization was 
used: in length – 80 FEs, in cross- section – one or three FEs, 
and one fourth part of the rod was considered with the setting 
of the symmetry conditions. The figure also shows the location of the control points, for which the numerical re-
sults are given below. 
Impact simulation in the calculations is as follows. The load and rod are combined and considered within 
the framework of a general FE model. At that, one of FEs at the rod edge is considered to be a load, and its me-
chanical characteristics are accepted as high, which practically corresponds to an absolutely solid body. When 
setting the initial conditions, the speed of the load FE nodes is equal to V0, and the nodes of the rest of the body are 
fixed. This approach physically corresponds to the conditions of contact between the load and rod at the moment 
of contact. The impact causes the appearance of elastic waves in the rod and its joint movement with the slowing 
load. After a certain time, the contact of the load with the rod is lost, that is, the load separates from the rod. De-
pending on the duration of the contact, which depends on the mass ratio of the load and rod, the number of wave 
passes along the rod can be different. The singularity of the wave process in this problem is the reflection of the 
wave from the load, which is equivalent to the reflection from a rigid sealing, in which the type of wave does not 
change (compression wave), but the stress at reflection increases abruptly. 
Figures 7 to 9 respectively present the results of calculations of displacements and velocities at the 
rod points shown in figure 6, as well as the change in the rod stress at the point located near the load. The 
kinks in the displacement graphs and the jumps in the speed graphs correspond to the moments of the pas-
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sage of the waves reflected from the rod ends. In the calculations, the speed discontinuities, when the front 
passes are manifested in the form of bursts and oscillations. 
In the three-dimensional finite element model, transverse displacements due to the connection of de-
formations (ν≠0) are taken into account as well. When the front passes, the transverse oscillations are excited, 
accompanied by shifts, whose magnitude is small, and it does not prevent part of the energy of the longitudi-
nal oscillations from being lost. Consequently, the dynamic process becomes more complex and different 
from the assumptions in the core theory, with which the results are compared. To eliminate this effect, the 
calculations were carried out with a zero Poisson's ratio, at which the transverse oscillations did not arise, i.e. 
the calculated FE model was more consistent with the conditions adopted in the core model.  
The main value by which the comparison was made in the problem under consideration is the time variation in the 
rod stress at the point of contact with the load, i.e., in fact the contact stress. The criterion for loss of contact be-
tween the load and rod is the change in the stress sign, and the point of time, when this occurs, determines the con-
tact time. The comparison was made both with regard to stresses for the points of time t1, t2, t3 (points A, B, C in 
figure 9) of the arrival of reflected waves to the load and impact duration, whose results are given in table 1. The 
stress of the load at the initial point of time according to the core theory is determined by the formula 
ρ=σ EV00 .The calculated impact duration corresponded to the data of [14] with high accuracy. 
Conclusions on the comparison of the calculated data, obtained by the method used, and data from [14] 
indicate the applicability of the developed software to solving problems with shock-pulse loading. 
Results of computational simulation 
The presented technique was used in calculations of 
shock interaction in FPSS components during 'catch-up' at 
various initial speeds of MP − 40; 60; 80 m/s and various 
dampers. The calculations were carried out for the damper 
of the original design, which, within the permissible plastic 
deformation, has small stiffness, as well as (for comparison) 
for a steel damper in a state of elasticity, where stiffness is 
high. In addition to these initial variants, research was con-
ducted on rational variants of a damper characterized by the 
rigidity of an ideally elastic-plastic material, in which the dy-
namic tension of the construction is minimal. The limiting 
stiffness characteristics of dampers, i.e. their carrying capacity, 
in relative values Np*=Np/Nst , where Nst is the magnitude of the 
longitudinal force from the maximum internal pressure 
(Nst≈590 kN), depend on the speed V0 and take the following 
values: Np*=0.43 (at V0=40 m/s), Np*=1.4 (at V0=60 m/s), 
Np*=2.4 (at V0=80 m/s).  
The results of computational studies for the displace-
ments and speeds at reference points A and B (see figure 3,a) 
are presented in figures 10 and 11, and those for the stresses at 
reference points C, F, and G are presented  both in figure 12 
and in tables 2 to 4.  
Characteristic of the interacting structures is the initial 
approach, accompanied by plastic deformation, followed by the 
unloading of a damper with subsequent disruption of contact 
and free movement of non-connected structural components. 
For an elastic steel damper, the draft upon contact is very low 
(figure 10), and if plastic properties are taken into account both 
in the initial and rational variants, it is high. A limitation was 
imposed on the limiting damper draft at compression, deter-
mined by λlim (λlim=8 mm), the maximum draft values for the 
rational variants λ either being close to λlim or reaching it for  
Table 1. Stresses σ/σ0 in the rod near the load 
during wave passage  
Point Data 14] FEM calculation 
А 1.00 1.07 
В 2.36 2.51 
С 2.14 2.12 
Table 2. Maximum values of the stress intensity in 
FPSS components at a speed V0=40 m/s 
Damper )(
max
Сiσ  )(max Fiσ  )(max Giσ  
elastic 1,68 1,27 1,45 
initial 1,25 0,84 0,77 
rational 0,67 0,37 0,37 
Table 3. Maximum values of the stress intensity in 
FPSS components at a speed V0=60 m/s 
Damper )(
max
Сiσ  )(max Fiσ  )(max Giσ  
elastic 2,51 1,91 2,17 
initial 2,23 1,63 1,66 
rational 1,45 0,81 0,83 
Table 4. Maximum values of the stress intensity in 
FPSS components at a speed V0=80 m/s 
Damper )(
max
Сiσ  )(max Fiσ  )(max Giσ  
elastic 3,35 2,54 2,89 
initial 3,06 2,27 2,52 
rational 2,09 1,30 1,39 
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a short time. This is due to the fact that for the greatest effect of reducing stresses, the equalization of veloci-
ties should occur over a longer period of time, and, accordingly, on a greater relative displacement of the 
damper ends. At that, the exhaustion of the deformation capacity (λ=λlim) should not be prolonged, since an 
additional shock effect will occur. The contact disruption occurs at the beginning of the reduction of the 
maximum compression achieved by the damper, in particular, when the displacement value λlim is deviated. 
It can be noted that, as the impact speed V0 increases, the speed equalization time (figure 11) for the 
rational variants decreases, which is associated with an increase in the recommended stiffness.  
Data on the dynamic stresses in different FPSS components (point C – cylinder, point F – rod, point 
G – support) for different damper variants of are represented in figure 12, which shows the distribution of 
stress intensity over time, and in tables 2 to 4 its maximum values are given at different impact speeds. 
Stresses are represented in the relative values pii σσ=σ /maxmax
*
, where σp is the steel plasticity limit of the 
separation system components: cylinder, rod, and support (σp=1300 MPa).  
The stress change in the variants of the initial and steel elastic dampers is similar in both magnitude 
and law of variation. The initial damper has small stiffness, which greatly reduces the compression force. 
Such a damper has almost no resistance and only postpones the moment of hard collision of its parts, which 
is typical for a steel elastic damper. The directional search for rational stiffness at various collision velocities 
of FPSS components has made it possible to significantly reduce the magnitude of the maximum dynamic 
stresses and, for some cases, introduce the structural components into the elastic stage of deformation.  
It can be stated that the level of developed dynamic stresses is strongly dependent on the magnitude 
of the impact speed. At that, in order to obtain a rational design, the necessary plastic stiffness of the damper 
also increases strongly with increasing speed V0. This is in correlation with an approximate estimate of the 
strength of the interaction of two solid bodies upon an absolutely inelastic impact, at which the speed equali-
zation time is determined by the initial speed, and the force itself is assumed to be constant. According to 
such an estimate, the magnitude of the force depends quadratically on impact speed.  
The calculations show that even for the rational designs of dampers, with increasing impact speed, 
plastic deformations can appear in FPSS components. The formulation of the problem used in this paper as-
sumes the elastic behavior of the structural components and plastic behavior of a damper. It can be assumed 
that the plasticity in all the components also damps shock interaction, and, if taken into consideration, allows 
designing FPSSes in the field of plastic destruction. The clarification of the problem statement in this respect 
is the subject of further research. 
Conclusions  
1. The proposed technique for calculating the shock interaction of FPSS components through a 
damper, taking into account its plasticity and disruption of communication between the contacting compo-
nents, has undergone testing and confirmed its efficiency.  
2. It is shown that a directional change in the plastic stiffness of a damper can significantly affect the 
level of dynamic stresses in FPSS components. Different values of the limiting stiffness of a damper are de-
termined by its design parameters (thickness, height) and the yield strength of the material.  
3. An initial damper is inefficient due to insufficient rigidity. The intensive shock interaction through 
an initial damper with the appearance of high dynamic stresses shifts in time and is analogous to the case of a 
rigid damper (steel elastic damper).  
4. For various impact speeds, rational parameters of the limiting plastic stiffness of a damper are de-
termined, under which the maximum values of dynamic stresses in FPSS composite structure are minimized. 
The values of the stiffness parameters of rational dampers are different for different impact speeds and in-
crease with increasing speeds. The time for the equalization of speeds upon collision decreases with the in-
crease in the impact speed.  
5. The maximum dynamic stresses in FPSSes with rational dampers strongly depend on impact 
speed and at significant velocities exceed the plasticity limit. A more precise formulation of the 'catch-up' 
task should be carried out taking into account the plasticity in the entire structure. 
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Fig. 7. Axial displacements at different points along the 
rod length 
 
Fig. 8. Velocities along the rod axis at points along its 
length 
 
Fig. 9. Axial stress in the rod near the load  
 
а 
 
b 
 
c 
Fig. 10. Distance change between damper ends (points A, B): 
а – V0=40 m/s; b – V0=60 m/s; c – V0=80 m/s 
1 – elastic damper; 2 – initial damper; 3 – rational damper  
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а 
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c 
Fig. 11. Speeds of  rational damper ends (points A, B): 
a – V0=40 m/s; b – V0=60 m/s; c – V0=80 m/s  
  
а 
  
b 
 
c 
Fig. 12. Relative values of stress intensity at reference points 
at V0=60 m/s:  
a – point C; b – point F; c – point G 
1 – elastic damper; 2 – initial damper; 3 – rational damper 
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пластичний демпфер 
1 
Зайцев Б. П., 
1 
Асайонок О. В., 
1 
Протасова Т. В., 
2 
Клименко Д. В., 
2 
Акімов Д. В. , 
2 
Сіренко В. М. 
1 
Інститут проблем машинобудування ім. А.М. Підгорного НАН України,  
61046, Україна, м. Харків, вул. Пожарського, 2/10 
2
 Державне підприємство «Конструкторське бюро «Південне» ім. М.К. Янгеля»,  
49008, Україна, м. Дніпро, вул. Криворізька, 3 
ДИНАМІКА ТА МІЦНІСТЬ МАШИН 
ISSN 0131–2928. Проблеми машинобудування, 2018, Т. 21, № 3 30 
Статтю присвячено актуальним питанням забезпечення динамічної міцності елементів ракетної техніки 
під час використання піротехнічних засобів. Досліджується ударна взаємодія вузлів піротехнічної системи відділення 
обтічника ракети в другій фазі роботи системи за так званого «підхоплення». Контактування вузлів системи відбува-
ється через пружно-пластичний демпфер. Демпфер встановлюється між рухомою та нерухомою частинами для 
«пом’якшення» удару за рахунок пластичної деформації. Демпфер виконує роль одностороннього зв’язку – обмежує 
стискання та не перешкоджає відриву. Приймається, що конструкція в цілому є пружною, а пластичне деформування 
зосереджене в демпфері. Механічна модель подається у вигляді комбінації пружних елементів й нелінійного демпфера. 
Методика врахування нелінійності демпфера побудована на введенні змінних граничних сил торцями демпфера. За 
пластичних деформацій стискання граничні сили збільшують деформацію, яка стримується пружними силами, а у 
разі порушення контакту – відриву – повністю компенсують напруження в моделі демпфера, занулюючи їх. Побудова-
но тривимірну розрахункову модель складеної конструкції обтічника в зборі. Демпфер подається у вигляді суцільного 
тонкого кільця. Використовується метод скінченних елементів. Розрахунок динаміки конструкції за часом виконуєть-
ся скінченно-різницевим методом Вільсона. Проведено верифікацію методики на тестовій задачі з відомим хвильовим 
розв’язком. Виконано розрахункові дослідження динамічного напруженого стану за деяких швидкостей удару для варі-
антів демпфера з різною пластичною жорсткістю: сталевого пружного (демпфер без отворів, «жорсткий», для по-
рівняння); первинного (демпфер з отворами, пластичний, м’який) та раціонального (демпфер з підібраною характери-
стикою жорсткості). Показано, що первинний демпфер не є ефективним внаслідок недостатньої жорсткості. Ви-
значені характеристики пластичної жорсткості, за яких динамічні напруження значно знижені відносно первинної 
конструкції. Максимальні динамічні напруження в піротехнічній системі відділення обтічника з раціональними демп-
ферами сильно залежать від швидкості удару. За значних швидкостей вони перевищують границю пластичності. 
Більш точну постановку задачі «підхоплення» слід виконати з урахуванням пластичності у всій конструкції. 
Ключові слова: обтічник, система відділення, удар, напруження, контакт, демпфер, пластичність. 
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